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Summer School Problem Book ІІ 


Part 1 (covering Units 6-11) and Part 2 (covering Units 12-16) 


The problems (or parts of problems) marked with an asterisk are slightly more difficult than the other 


problems; those marked with a vertical line at the side are no longer assessed. 


PART 1 


Unit 6 Electrostatics 


Q.1 (a) Write down Coulomb’s law, which gives the 
electrostatic force F on a stationary point charge q, separated 
from another point charge q, by a displacement r. (Remember 
to state the law in vector form.) 


(b) At a certain instant, three electrical charges q, — 
+8 x 10°1°C,q, = —8 х 10° !? Candq4 = — 1.6 x 10^ !? C 
are stationary at the points shown on Figure 1. What is the 
electrostatic force acting on q, due to the other two charges? 
(1/4лсо = 9 x 10° N m? C?) 
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q3 = = 1.6 x 107C 
Figure 1 Unit 6, Q.1. 


Q.2 When two protons are separated by a distance r, the 
magnitudes of the electrostatic force and the gravitational 
force between them are F,, and F prav respectively. What is the 
ratio F a/F rav ? (Take the mass and charge of the proton to be 
1.7 x 107?" kgand +1.6 x 10772 C respectively; С = 6.7 х 
1071! N m? kg ? and 4me, = 1.1 x 1071? N^! m? C2) 


Q.3 (a) What is the gravitational potential energy of a 
mass m, at a distance r from another mass m;? 


(b) How much energy is required to propel a small rocket 
of mass 10* kg from a distance of 10’ m from the centre of 
the Earth to a distance of 2 x 10" m from the centre of the 
Earth? You should assume that the force acting on the rocket 
is solely due to its attraction to the Earth, and that the rocket 
is not moving relative to the Earth at the beginning and end of 
its journey. (Take G = 6.7 х 10^ !! N m? kg ? and take the 
mass of the Earth to be 6.0 x 1025 kg.) 


Q.4* (a) A rocket is fired vertically from the surface of the 
Earth with speed vg, which is the minimum speed that the 
rocket must have in order to escape the Earth's gravitational 
force. Show that 


vg = 2gR E> 
where g is the magnitude of the acceleration due to gravity on 
Earth and where Ар is the Earth's radius. 


(b) Given that g ғ 9.8 ms ? and that Rẹ ~ 6.4 x 10° m, 
find the approximate numerical value of vg. 


Q.5 (a) Define the terms electric field and electric 
potential. Write down the equations that connect the x-, y-, 
and z-components of electric field at a point to the rates of 
change of the electric potential at that point. 
(b) Sketch diagrams to show the electric field lines and the 
equipotential lines associated with 

() asingle point charge —4; 

(ii) two closely spaced negative point charges —q and —4; 
(Ш) two closely spaced point charges —q and +4; and 
(iv) a charged, parallel plate capacitor. 


Q.6 Auniform electric field exists within a cube whose sides 
are each of length 1 m (Figure 2). The electric potential at the 
points A, B, C and D in Figure 2 are 100 V, 0 V, 0 V and 100 V 
respectively. What is the magnitude and direction of the 
electric field? 
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Figure 2 Unit 6, Q.6. 


Q.7 Figure 3 shows two parallel plates that are separated 
by 107^ m. The potential at the top plate is 4- 10? V greater 
than the potential at the bottom plate. What is the electric 
potential at point A (2 x 10^? m above the bottom plate) 
with respect to the bottom plate? What is the electric field 
at the point A? 


Q.8 Figure 4 shows two horizontal, parallel plates of length 
L and separation d; L is much greater than d. The potential 
of the top plate is -- V with respect to the bottom plate. A 


particle with charge q and mass m, travelling with constant 
speed u, enters the region between the plates at point P,, which 
is at distance d/3 from the top plate. At this point, the particle 
is travelling horizontally in the plane of the page. Eventually, 
the particle emerges from the region between the plates at 
point P,, which is at a distance d/3 from the bottom plate. 

In answering the following questions, neglect the gravitational 
interactions of the particle. 

(a) Does the particle have positive or negative charge? 

(b) Sketch the shape of the particle's path between points 
P, and P}. 

(c) By considering the electric field between the plates, 
show that the speed v of the particle at point Р, is given by 
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v= u 


(d) Derive the result stated in part (c) of this question by 
considering the change in the electrical potential energy of the 
particle between points P, and Р,. 


(e) How much time does the particle spend between the 
plates? 

Q.9 Which one of the following options (a)-(d) gives 
acceptable SI units for the permittivity of free space ёо? 

(a) C kg !m^?s? 

(b) C?kg !m^?s 

(с) C?kg !m^? 

(d) C^kg ! m^ ?s^! 
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Figure 3 Unit 6, Q.7. 
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Unit7  Currents and circuits 


Q.1 Aconstant current of 1.6 A flows in a wire. 

(a) How much charge flows past a given point on the wire 
in 10s? 

(b) How many current-carrying electrons flow past a given 
point on the wire in 10s? 

(The charge of the electron is — 1.6 x 10^ !? C.) 


Q.2 Four resistances are connected to a 3 V battery and an 
ammeter (each of which have negligible resistance) to form 
the circuit shown in Figure 5. 
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Unit 6, Q.8. 


(a) Calculate the current that flows through the ammeter. 
(b) What is the potential difference across the 20 Q resistor? 
(c) What is the power dissipated in the 12 Q resistor? 
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Figure 5 Unit 7, Q2. 


Q.3 Make reasonable estimates of the power ratings of the 
following domestic electrical devices: 


(a) alight bulb; 

(b) an electric toaster; 
(c) a water heater; 

(d) an electric mixer; and 
(e) acolour television. 


(This is a general knowledge question for physicists—you 
will not be given questions like this in the final examination!) 


Q.4 Supplies of electricity are delivered to many parts of 
the country using overhead cables, which carry electric 
currents of typically 10? A. The potential difference of one of 
the wires with respect to the ground is typically 5 x 10? V. 
Explain why birds can perch on these wires without being 
electrocuted. 


Q.5 Show that the SI unit of the quantity resistance x 
capacitance is the unit of time: the second. 


Q.6 A capacitor with capacitance C is connected to a 
resistor with resistance R via a switch (Figure 6). Initially, 
when the switch is open, the magnitude of the charge on each 
plate of the capacitor is gy. The switch is closed at time t = 0 
and the magnitude of the charge q on each of the plates is 
given at all later times by the equation 


-а/х 


4 - 4098 , 
where т is the time constant of the circuit. 


Figure 6 Unit 7, Q.6 and О.7. 


(a) Write down an expression for the time constant of the 
circuit. 


(b) Sketch a graph of q plotted against t. Use your graph to 
explain the physical meaning of the time constant of the 
circuit. 


(c) Explain how a graph of q plotted against t enables us to 
find the current flowing in the circuit at a given time. When 
will this current have its maximum value? Explain your 
answer carefully. 


Q.7 Consider the circuit shown in Figure 6, in the case in 
which C = 20 pF, R = 5 KQ and in which the magnitude of 
the charge on each of the capacitor's plates is 1075 coulombs 
before the switch is closed. 


(a What is the time constant of this circuit? 


(b) What is the magnitude of the charge on each of the 
capacitor plates 0.2 s after the switch is closed? 


(c) How much time will elapse after the closing of the switch 
before the magnitude of the charge on each of the capacitor 
plates is half its original value? 


(d) Using your answer to part (c) of this question, state how 
much time will elapse after the closing of the switch before the 
magnitude of the charge on each of the capacitor plates is a 
quarter of its original value. 


Q.8 A flash gun is operated by discharging a 1000 uF 
capacitor through a light bulb. 


(a) To what potential difference must the capacitor be 
charged if 5 J of energy must be dissipated in the flash bulb 
to give the required amount of light? 


(b) When used with the flash gun, a camera's shutter is open 
for2 x 10725. Calculate an approximate maximum value for 
the resistance of the bulb. 


Q.9 (a) OnFigure 7, show how the potential difference V 
across a capacitor depends on the magnitude of the charge q 
on each plate of the capacitor. How can the capacitance C of 
the capacitor be obtained from this graph? 


(b) The magnitude of the electrical charge on each plate of 
a capacitor is 1076 C, and the potential difference between 
the plates is 10? V. How much energy is stored by this 
capacitor? 
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Figure7 Unit 7, Q.9. 


Unit 8 Electrodynamics 


Q.1 Draw the patterns of magnetic field lines that represent 
the magnetic fields due to: 


(a) a bar magnet (Figure 8a); 

(b) the planet Earth (Figure 8b); 

(c) astraight piece of wire through which a constant current 
is flowing (Figure 8c); 

(d) a solenoid through which a constant current is flowing 
(Figure 8d). 
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Figure8 Unit 8, Q.1. 


Q.2 Which of the following quantities (a)-(e) are vectors? 
(a) an electric field; 

(b) a magnetic field strength; 

(c) the charge of the electron; 

(d) the permeability of free space po; 

(e) the force acting on a charged particle in a magnetic field. 


Q.3 (a) State the Lorentz force rule, which gives the force 
acting on a charged particle that is moving in a region in 
which there is an electric field and a magnetic field. 


(b) A particle that has mass 10 ??kg and charge 
+1.6 x 107!? C moves with a constant speed of 1.6 x 
10$ms'' at right angles to a uniform magnetic field of 
strength 1 T. What is the radius of the particle's circular orbit? 
How long does it take for the particle to make one complete 
orbit? 


Q.4 (a) A particle with charge --q and mass m is moving 
along the x-axis of Figure 9 with velocity v. It enters a region 
where there is a uniform magnetic field B that is directed 
along the y-axis (Figure 9). Show that when the particle is in 
the magnetic field, it moves in a circle of radius R given by 
R — mv/Bq. 
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Figure 9 Unit 8, Q.4. 


(b) Show that no energy is transferred to the particle by the 
magnetic field. 


(c) A uniform electric field can produce an equal but 
opposite force to the magnetic force on the particle shown in 
Figure 9. What is the magnitude and direction of this electric 
field? 


(d)* Describe briefly the principles of an experiment, based 
on the ideas in parts (a) and (c) of this question, that can be 
used to determine the charge to mass ratio of the electron. 
Calculate reasonable values for the magnitudes of the electric 
and magnetic fields that should be used in the experiment you 
describe. 


(The rest mass and charge of the electron are approximately 
9.1 x 107°! kg and —1.6 x 10^ !? C respectively.) 


Q.5 (a) Write down an expression for the force exerted by 
a uniform magnetic field B on a wire of length / that is carrying 
a constant current i. 


(b) A constant current of 2A is flowing through a long, 
straight wire that is exposed to three different, uniform 
magnetic fields (Figures 10(1), (ii) and (iii)) In each case, 
calculate the force exerted on a 1 m length of wire. (You 
should assume that the magnetic fields shown in these Figures 
are all in the plane of the page.) 
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Figure 10 Unit 8, Q.5. 


Q.6 Alightaircraft with a wingspan of 25 m is flying straight 
and level through a region in which the Earth's magnetic field 
has a vertical component of strength 1077 T. If the aircraft's 
speed is 200ms !, what is the potential difference between 
its wing tips? 


(Ignoretheelectricfield ofthe Earth in answeringthis question.) 


Q.7 Two long, parallel lengths of wire are connected via 
switches to separate power supplies. Initially, no current 
flows through the wires. What will happen if the power is then 
switched on and the currents flowing in the wires are in the 
same direction? What would happen if the currents in the 
wires were in opposite directions? 


(You should assume that the wires are completely free to 
move.) 


Q.8 (a) State Faraday's law of induction. 


(b) A ring of area A and resistance R lies in the x-y plane 
and it is exposed to a uniform magnetic field that is directed 
along the positive z-axis (Figure 11). The strength B of the 
magnetic field is changing with time t. Derive an expression 
for the current i in the ring, in terms of the variables A, R, B 
and t. 

(c) The strength of the magnetic field oscillates as 
В = Bosin ot with By = 1 T and о = 200r rad s^ !. Calcu- 
late the period of the oscillation, and sketch a graph that 
shows the variation of B with t. 
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Figure 11 Unit 8, Q.8. 


(d)* Adopting the convention that current is positive when 
it circulates in the direction shown in Figure 11, derive an 
expression for the current at time t = 0 in terms of the 
variables Bo, w, A and R. Sketch a graph that shows the 
variation of the current i in the ring during one period of the 
field’s oscillation, beginning at t = 0. 


(You should assume that sin 0 ~ 0 when Ө ғ 0.) 


(e) Discuss briefly whether the ring experiences any forces 
or torques as a result of the changing current or field. 


Q.9 (a) State Lenz's law of induction. 


(b) A bar magnet is lowered into a coil of wire that is 
connected to an ammeter (Figure 12). In which direction will 
the current in the coil flow? 
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Figure 12 Unit 8, Q.9. 


Q.10* Write down the essential physical content of each of 
Maxwell's equations of electromagnetism. 


Units 9 and 10 Vibrations and waves 


Q.1 (a) What condition must apply if an object is to 
undergo simple harmonic motion? 


(b) In one chapter of a physics book, a student finds the 
equation for simple harmonic motion ma — —kx, and in 
another chapter she finds the equation x = ut + 4at?. She 
argues that these equations cannot both be correct and that 
one of them must, therefore, be wrong. Explain why her 
conclusion is incorrect. 


Q.2 The tip of an aircraft's wing executes simple harmonic 
motion with a frequency of 1 Hz and an amplitude of 0.2 m. 
At time t = 0, the displacement of the wing tip from its 
equilibrium position is zero. 


(a) Sketch a graph that shows the variation of the wing tip’s 
displacement with time. 


(b) Write down the equation that describes the variation of 
the wing's displacement x with time t. 


(c) At what point(s) in the motion of the wing tip does the 
magnitude of its acceleration have a maximum value? 


(d) At what point(s) in the motion of the wing tip does it 
have its maximum speed? 


Q.3 (a) Define the term spring constant by writing an 
equation that connects the force F extending a spring to the 
extension x produced by the force. 


(Assume that the spring obeys Hooke's law.) 


(b) An object of mass m rests on a horizontal, frictionless 
table (Figure 13). The mass is attached to two springs that 
both have the same spring constant k. What is the force acting 
on the object when it has displacement x from its equilibrium 
position? 


displacement x 


horizontal frictionless table 


Figure 13 Units 9 and 10, Q.3. 


(c)* When the object is released, it oscillates with amplitude 
Xo. Derive an expression that relates the object's maximum 
kinetic energy during the oscillation to the magnitude of the 
amplitude хо. 


Q.4 A simple pendulum of length 0.5m is held in the 
position shown in Figure 14, and it is then released. It subse- 
quently executes damped harmonic motion, and its amplitude 
decays to half of its initial value after 20 s. 
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Figure 14 Units 9 and 10, Q.4. 


(a) Sketch a graph to show the variation of the amplitude 
of the pendulum's motion with time. 


(b) What will be the amplitude of the pendulum's motion 
40 s after it is released? 


Q.5 When a mass m is attached to a spring that has force 
constant k, and the system undergoes simple harmonic motion, 
the period T of the motion is given by the equation 


m 
T =2n /— 
2 


(a) Show that both sides of this equation have the same 
dimensions. 


(b) In an experiment to verify this equation, some students 
measure the periods of motion of a mass when it is attached 
to several different springs. State two ways in which the 
students should plot their data in order to obtain straight-line 
graphs. (One of your ways should involve taking the log- 
arithms of the quantities involved.) 


Q.6 (a) Asound wave of frequency 1 kHz is emitted from 
the point x — 0. The variation of the air pressure along the 
x-axis at a particular instant is shown in Figure 15. What is 
the wavelength and the speed of the wave? 
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Figure 15 Units 9 and 10, Q.6. 


(b) Explain briefly why, if the sound were emitted in all 
directions, the graph of Figure 15 would not accurately 
represent the sound wave. 


Q.7 A piece of string is 5 m long and it is held taut with its 
ends fixed to rigid clamps. 


(a) Derive an expression for the wavelength of each standing 
wave that can exist on the string. 


(b) What is the wavelength of the fundamental standing 
wave on the string? 


(c) A standing wave on the string has three antinodes. 
What is the wavelength of this standing wave? 


Q.8 In London's Royal Festival Hall, Vladimir Ashkenazy 
is giving a performance of Chopin’s piano sonatas, and the 
concert is broadcast live on Radio 3. A man in Edinburgh 
who is listening to the broadcast in his living room remarks 
that he is hearing the concert before some members of the 
audience in the Hall. Is he correct? 


(The speed of light in a vacuum is approximately 
3 x 10% m s^ !, and the speed of sound in air is approximately 
330 m 877. You should assume that the distance from London 
to Edinburgh is approximately 550 km.) 


Q.9 You may have seen the film that shows Ella Fitzgerald 
singing in such a way that she is able to break a nearby, 
isolated wine glass. How is she able to do this? 


Q.10 According to ideas based on Maxwell's equations, 
light is an electromagnetic wave. Suppose that a beam of 
light of wavelength 600 nm is approaching you, and that the 
electric field associated with the light is polarized in the 
vertical direction. Draw a diagram to show the variation of 
the fields of the light with position (at a fixed time). 


Q.11 A discharge tube that contains hydrogen emits visible 
spectral lines, one of which has a wavelength of 434 nm. If 
light of this wavelength is incident upon a diffraction grating 
that has 5000 lines per cm, what will happen? 


Unit 11 Temperature and heat — towards a 


microscopic explanation 


Q.1 A thermos flask contains 0.2 kg of water at a tempera- 
ture of 20°C. If 16 kcal of energy must be transferred to the 
water in order to raise its temperature to 100 °С, what is the 
specific heat of water? State any assumptions you make in 
doing this calculation. 


Q.2 (a) What is meant by the statement: ‘The specific 
latent heat of fusion of water is 79.7 kcal kg !'? 


(b) How much heat is required to melt 0.5 kg of ice at a 
temperature of 0 °C? 


Q.3 Under normal household conditions, water turns into 
steam at a temperature of approximately 100 °C. In that case, 
why is that when you warm a saucepan of water to a temper- 
ature of 100 °C, the water does not all evaporate immediatel y? 


Q.4 Several generations ago, it was believed that vegetables 
stored in a cellar could be protected from the winter frost by 


placing a large pot of cold water near them. Is this suggestion 
sensible, or is it one of those old wives’ tales? 


Q.5 On a hot summer's day, a publican decides (illegally) 
to cool a vat of lager by dropping ice cubes into it. He takes 
1 kg of ice cubes from his freezer (whose internal temperature 
is —15°C) and empties them into the vat, which contains 
10 kg of lager at 20°C. The ice cubes subsequently melt. 
Ignoring the heat lost to the vat and to the surroundings, 
what is the final equilibrium temperature of the diluted 
lager? 

(You should assume that lager and water have the same 
specific heat, 1 kcalkg~'°C~', and that ice has a specific 
heat of 0.5 kcal kg ^! *C^! anda specific latent heat of fusion 
of 80 kcal kg !.) 


Q.6 (a) State the ideal-gas law. 


(b) A vessel of volume 2 x 10^! m? contains 2 moles of an 
ideal gas at a pressure of 10* N m^ ?. What is the temperature 
of the gas in the vessel? 


(R = 8.3JK~! mol!) 


Q.7 The graph sketched in Figure 16 shows the pressure of 
m grams of an ideal gas contained in a volume V, as a function 
of temperature. 


(a) In what way, if any, will the P versus T graph be different 
from Figure 16 if m/2 grams of the same gas were contained 
in the same volume V? 


(b) In what way, if any, will the P versus T graph be different 
from Figure 16 if m grams of the same gas were contained in 
volume V/2? 
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Figure 16 Unit 11, Q.7. 


Q.8 Write down the assumptions on which the kinetic 
theory of gases is based. 


Q.9 (a) Intheideal-gasapproximation, what is the average 
translational kinetic energy of a molecule of a gas that is at 
temperature T? 


(b) The air in the atmosphere around us contains, among 
other gases, a high proportion of n rogen and oxygen, which 
have relative molecular masses of 28 and 32 respectively. 
Assuming that the nitrogen and ox gen in the air behave as 
ideal-gases, calculate the ratio of their mean-square speeds. 


Q.10 A jar contains 1023 oxygen molecules, and the 
equilibrium temperature of the jar and the gas is 25°C. 
Sketch a graph to show the relative number of molecules that 
are travelling with different speeds in the jar. Show how the 
shape of the graph would change if the temperature of the 
gas were (a) slightly increased, and (b) slightly decreased. 
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Answers to numerical questions 


Unit 6 

Q.1 (b) 9.1 x 10 ?? N, directed along the — x-axis. 
Q2. 121025 

Q.3 (b) 2x10!!J 

Q.4 (b) 1.1 x 10*ms^! 


Q.6 141 Ут! directed at 45? to the +x- and + y-axes, in 
the х-у plane. 


Q7 V = 200volts;|&| = 10" Vm" !, and & points vertically 
downwards. 


Unit 7 
Q.1 (a) 16C; (b) 10?? electrons. 
Q.2 (а) 01А; (b)2V; (c) 7.5 x 10°37 W 


Q.7 (а) 0.18; (b) 1.35 x 1077C; (c) 6.93 х 1077s; 
(d) 1.39 x 10:18 


Q.8 (а) 100V; (b) x209 
0.9 (b) 5x 10:51 


Unit 8 
О.3 (b r= 105? т, ғ = 3.9 x I0 !!s 


Q.4 (d) |&| = 10* V m^! to 10° V m^ !, |B| = 107? T to 
10°? T 


Q.5 (b) (11 F-0N; (ii) F=4N directed out of the 
page; (iii) F = 4.24 N directed out of the page. 


Q.6 5x10?V 
Q.8 (c) 10 ?s 


Units 9 and 10 

Q.4 (b) 0.0625 m 

О.6 (а) A= 0.33 m, v = 330 т! 
Q.7 (5) 10m; (с) 3.33m 


Unit 11 

ОЛ lkcalkg !?^C^! 
Q.2 (b) 39.9 kcal 
Q.5 102*C 

Q.6 (b) 120K 

Q.9 (b) 1.14 


PART 2 


(covering Units 12-16) 


The problems in Part 2 are not for use at Summer School—they have been prepared to help you when 


you come to revise the last part of the Course. 


When you are solving these problems, you should assume that: 


Planck’s constant h = 6.6 х 10774 Js. 


The speed of light in a vacuum c = 3 x 105 ms" 1. 
The magnitude of the charge of the electron e = 1.6 x 107!’ C. 
The rest mass of the electron m, = 9.1 x 10^?! kg. 


Unit 12 Special relativity 


Q.1 Statethe postulates on which Einstein based his special 
theory of relativity. 


Q.2 Alaser beam is shone in a vacuum along the z-axis of a 
coordinate system. 


(a) What is the speed of light relative to an observer in a 
rocket that is approaching the laser along the z-axis with a 
speed of 0.8c (Figure 1a)? 


(b) What is the speed of light relative to an observer in the 
rest frame of the laser, if the laser itself is moving to the right 
along the z-axis with a speed of 0.5c (Figure 1b)? 


0.8c 
———— 
< —» (a) 
laser 2-ах1ѕ 
0.5c 
——À 
a = > (b) 
laser Z-aXIS 


Figure 1 Unit 12, Q2. 


Q.3 (a) Define the term inertial frame. 


(b) Two trains are at rest on two nearby, parallel, railway 
lines. An observer in one of the trains is looking out of the 
window of his compartment towards the other train, which 
appears to him suddenly to move off. When the observer 
looks out of another window, he realizes that it was his train 
that had moved—the other train had remained stationary. 
He says to himself: “This just goes to prove that Einstein’s 
special theory of relativity is correct —all motion is relative’. 


Explain in detail why the observer is speaking very loosely. 


Q.4 An observer measures the overall length of a rocket 
that is stationary in his inertial frame to be 50 m. The rocket 
then takes off and moves at constant speed in a straight line 
relative to the observer, who then measures the rocket's 
length to be only 40 m. What is the speed of the rocket? 


Q.5 Two S271 students, X and Y, sit the Course’s three-hour 
final examination. Just before the beginning of the exam, the 
invigilator tells X that he is to write out his answers while he 


is in motion. This student is told to travel away from the exam 
room at a constant speed of 0.8c for 14 hours according to his 
(X's) watch, and then to return to the room at a constant speed 
of 0.8c for a further 1 hours. Finally, the invigilator tells X 
that student Y will stay in the exam room and will be allowed 
to continue writing until X returns. If you were student X, 
would you complain about this procedure? 


(For the purposes of answering this question, you should 
ignore the acceleration and deceleration of the moving 
student.) 


Q.6 The distance from Earth to the star Sirius is such that it 
takes a beam of light 8.7 years to travel from this star to 
Earth. A rocket leaves Earth and travels with a constant speed 
of 0.8c relative to the Earth. 


(a) According to an observer on Earth, how much time will 
elapse before the rocket reaches Sirius? 


(b) According to an observer in the rocket, how much time 
will elapse before he reaches Sirius? 


Q.7 When cosmic rays bombard the upper atmosphere of 
the Earth at approximately 10* m above sea level, muons are 
created. These particles subsequently travel towards the 
Earth with a speed of approximately 0.999c. 


(a) According to a stationary observer on the surface of the 
Earth, what is the average time of flight of the muons? (The 
average lifetime of a muon is approximately 2.2 x 10:58, 
according to an observer in its rest frame.) 


(b) Willa muon with the average lifetime reach the Earth? 


(c) Сап the answer to part (b) of this question be understood 
using the ideas of classical Newtonian mechanics? 


Q.8 (a) Define the terms rest mass and relativistic momen- 
tum. 


(b) An electron, whose rest mass is 9.1 x 1073! kg, is 
moving with a speed of 0.5c relative to an observer. According 
to another observer in the rest frame of the electron, what is its 
mass? 


(c) Explain briefly why a particle with non-zero rest mass 
cannot be accelerated to the speed of light (c) in a vacuum. 


Q.9 (a) Write down the relationship that connects the 
relativistic energy E of a particle to its rest mass m, and its 
relativistic momentum p. 


(b) The neutrino is a fundamental particle, and its rest mass 
is approximately zero. What is the magnitude of the momen- 
tum of a neutrino that has an energy of 100 GeV? 


(1 GeV = 10? eV = 1.6 x 10719 J.) 


Q.10 Suppose that it is possible to convert all the rest-mass 
energy of a piece of coal into electrical energy that can be 
used to meet the domestic energy requirements of a family. 
If the family uses approximately 9 х 10!? J of energy in their 
home each year, how much coal is, in principle, required to 
meet their needs? 


Unit 13 The beginnings of modern atomic 
physics 


Q.1 A beam of electromagnetic radiation has a wavelength 
of 600 nm. 


(a) What is the energy of each photon in this beam? 


(b) What would be the energy of each photon if the intensity 
of the beam were doubled? 


Q.2 (a) State Einstein's photoelectric equation. 


(b) What is the threshold frequency of a metal whose work 
function is 1.6 x 10718 J? Would electrons be ejected from 
this metal if it were illuminated by radiation of frequency 
10:5 Hz? 


Q.3 Inan experiment to investigate the photoelectric effect, 
two lithium plates are located at the ends of a vacuum tube, 
and a voltmeter is connected across the plates. When one of 
the plates is illuminated by radiation of intensity I and 
frequency 10!5 Hz, a stopping voltage of 1.8 V is required in 
order to prevent electrons from reaching the other plate. 


(a) What is the work function of lithium? 


(b) What would be the stopping voltage required if the 
frequency of the incident radiation were kept constant, and if 
its intensity were simultaneously increased to 312 


Q.4 (a) Sketch a diagram to illustrate J. J. Thomson's 
model of the atom, and sketch another diagram to illustrate 
Rutherford's model of the atom. 


(b) Describe briefly the extent to which Thomson's model 
and Rutherford's model account for the following phenomena, 
giving a reason for your answer in each case: 


(i) The stability of atoms. 
(ii) The large-angle scattering of «-particles by gold foil. 


О.5 Ana-particle with kinetic energy 10° !? J is fired directly 
towards a tin nucleus !20Sn, whose mass is 2 x 10727 kg. 
What is the distance of closest approach of the a-particle to 
the tin nucleus? State any assumptions that you make in your 


calculation. 


(4mé9 = 1.1 x 1071? C? kg^! m^? s^? and the mass of the 
a-particle is 6.7 x 10727 kg; the charge of the a-particle is 
+3.2 х 10°!°C and the charge of the tin nucleus is 
8 x 10718 C) 


Q.6 (a) State the postulates that define Bohr's model of 
the hydrogen atom. 


(b) When the electron in the hydrogen atom occupies its 
ground state, what is the magnitude of its angular momentum? 
Does Bohr's model specify the direction of the electron's 
angular momentum vector? 


Q.7 Showthat, according to the Bohr model of the hydrogen 
atom, the kinetic energy of the electron is equal to half the 
magnitude of its electric potential energy, in each Bohr orbit. 


Q.8 "When the electron in a hydrogen atom occupies the 
ground state, it has a total energy of — 13.6 eV’. Explain the 
meaning of this statement. 


Q.9 According to the Bohr model of the hydrogen atom, 
the total energy of an electron in the nth Bohr orbit is 


1 {т.е 
Po = — |ва 


Use this formula to derive an equation for the wavelengths 
of the spectral lines emitted when the electrons in a sample 
of atomic hydrogen make transitions to the n = 3 energy 
levels of the atoms, from higher energy levels. 


Q.10 A piece of metal is bombarded with electrons that 
each have an energy of 10 keV, and the metal emits charac- 
teristic X-rays of wavelength 0.2 nm. 


(a) What is the wavelength of the shortest wavelength 
X-rays in the target’s continuous X-ray spectrum? 


(b) What can be concluded about the metal from the 
observation that it emits characteristic X-rays of wavelength 
0.2 nm? 


(eV = 1.6 x 10° !? J) 
Unit 14 Quantum mechanics: theory 


Q.1 In one or two sentences, state what we learn about 
electromagnetic radiation from experiments on the Compton 
effect. 


Q.2 (a) State Heisenberg’s uncertainty principle. 


(b) An experimenter sets out to study the behaviour of an 
electron that is confined in one dimension in a region in which 
its potential energy is zero everywhere. The position of the elec- 
tron is specified with respect to a hypothetical x-axis. The ex- 
perimenter ambitiously wants to measure to arbitrarily high 
accuracy, the energy E of the electron, its position x and the 
component p, of its momentum. According to Heisenberg's 
uncertainty principle, which one of the following experiments 
(i)-(ili) is doomed to failure? Why might the other two 
experiments succeed ? 


(i) Measure x and p, simultaneously to arbitrarily high 
accuracy. 


(1) Measure x and p, to arbitrarily high accuracy at different 
times. 


(iii) Measure p, and E simultaneously to arbitrarily high 
accuracy. 


Q.3 An electron is travelling with a constant speed of 
10? m s~ ! directly towards a diffraction grating with a grating 
spacing of 1075 m. 


(a) Calculate the de Broglie wavelength of the electron. 


(b) Will the electron be diffracted when it reaches the 
grating? 


Q.4 ‘The de Broglie formula, Яав = h/p, tells us that every 
particle with momentum p has an associated wavelength’. Is 
this statement correct? If so, why aren't you diffracted when 
you walk through a doorway? 


Q.5 According to the special theory of relativity, the 
relativistic energy E of a particle with rest mass m and momen- 
tum of magnitude p, is given by 

E? — pc + m?c* 
(a) What is the energy of a photon whose momentum has 
magnitude p? 
(b) Show that the de Broglie wavelength Aag of the photons 


in a beam of electromagnetic radiation of frequency f is equal 
to the wavelength 4 of the beam (Aag = 4). 


Q.6 A low-intensity beam of electrons is fired directly 
towards a single slit, and the electrons subsequently strike 
the screen (Figure 2). A small, movable detector D is used to 
detect the arrival of electrons in different regions of the 
screen—this detector makes an audible bleeping sound each 
time it is struck by an electron. In a few sentences, explain why 
the results of this experiment would indicate that both wave 
and particle models are needed to describe the behaviour of 
electrons. 


===) 


electron 
beam 


screen 


Figure 2 Unit 14, Q.6. 


Q.7 Explain briefly why the wave-packet description of the 
electron enables the wave and particle descriptions of the 
electron to be reconciled. 


Q.8 A particle of mass m is confined in one dimension 
between two infinite, parallel, reflecting plates that are separ- 
ated by a distance D. The potential energy of the particle is 
always zero. 


(a) Assuming that the de Broglie formula gives the wave- 
lengths of the standing waves that describe the particle, show 
that its energy levels are given by E — n?h?/(8mD?), in the 
usual notation. 


(b)* Explain briefly why the assumption stated in part (a) of 
this question is not valid. 


Q.9 Explain how the Schródinger equation can be used to 
study theoretically the behaviour of a particle confined in one 
dimension between two infinite, parallel, reflecting plates. 


(Note that you are not expected to state the Schródinger 
equation or the quantitative results that would emerge from 
the calculation that you describe. However, you should be 
able to sketch some of the particle's wavefunctions.) 


Q.10* State the correspondence principle and explain how 
it can be applied to the case of the particle confined between 
two infinite, parallel, reflecting plates. 


Q.11 Explain briefly how the Schródinger equation can be 
used to study theoretically the behaviour of the electron in 
the hydrogen atom. Take care to name the quantum numbers 
that, according to Schródinger's equation, are required to 
specify the electron's quantum states. (Note that you are not 
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expected to state the Schródinger equation or the quantitative 
results that would emerge from the calculation that you 
describe.) 


Q.12 One of the quantum states of the electron in the 
hydrogen atom is specified by the set of quantum numbers 
n = 3,1 = 2,m, = —2, m, = +3. When the electron occupies 
this quantum state: 

(a) What is the magnitude of its orbital angular momentum? 


(b) What is the z-component of its orbital angular momen- 
tum? 


(c) What is the magnitude of its spin angular momentum? 
(d) What is the z-component of its spin angular momentum? 


(e) Assuming that the hydrogen atom is not in a magnetic 
field, is this quantum state degenerate with the quantum state 
characterized by the set of quantum numbers n = 2, | = 1, 
m, = —1,m, = +4? Explain your answer. 


Q.13* When the electron in a hydrogen atom occupies its 
ground state, its radial wavefunction w,(r) varies with the 
electron's distance r from the centre of the nucleus in the way 
shown in Figure 3. 


(a) State how the electron's radial probability density at 
distance r is related to w,(r). Sketch a graph to show the 
variation of the electron's radial probability density with r. 


(b) Ina few sentences, explain the physical meaning of the 
graph you sketched in your answer to part (a) of this question. 


(c) You saw in Unit 13 that according to Bohr's model, 
when the electron in the hydrogen atom occupies its ground 
state, it moves around the nucleus in a circular orbit. Compare 
and contrast this incorrect description of the electron's motion 
with the description suggested by calculations done using the 
Schrédinger equation. 


y, (r) 


distance r from the 
centre of the nucleus 


Figure 3. Unit 14, Q.13. 


Unit 15 Quantum mechanics: applications 


Q.1 Consider a neutral oxygen atom that contains the 
nucleus '8O. 


(a) How many protons does it contain? 
(b) How many neutrons does it contain? 
(c) How many electrons does it contain? 


(d) Given that the 1s, 2s and 2p sub-shells of oxygen are the 
first to be filled, what is the electronic structure of the ground 
state of a neutral oxygen atom? 


Q.2* The chemical element xenon is an inert gas: it has 
atomic number 54, and it is in the fifth Period of the Periodic 
Table. 


(a) What is the outer shell structure of xenon? 


(b) What is the outer shell structure of iodine, which has 
atomic number 53? 


(c) Do you expect the first ionization energy of a neutral 
xenon atom to be less than or greater than the first ionization 
energy of a neutral iodine atom? Explain your answer in one 
sentence. 


(Youshould assume that each atom mentioned in this question 
is in its ground state.) 


Q.3 The Hartree method allows us to calculate the total 
radial probability density P(r) of the lithium atom, which 
contains three electrons. Sketch the graph of P(r) against r 
when the lithium atom is in its ground state (r is the distance 
from the centre of the nucleus). What important features does 
the graph have? 


Q.4 Describe very briefly three types of transition that the 
electron in a hydrogen atom can undergo. 


Q.5 Compare and contrast the properties of the light 
emitted by a ruby laser with the light emitted by an ordinary 
tungsten filament lamp. 


Q.6 In order to model the «-decay of the uranium nucleus 
2230, it is possible to regard the «-particle as having a separate 
existence inside the nucleus before the decay. The potential 
well of the a-particle is shown in Figure 4. 


(a) Explain briefly why the phenomenon of a-decay cannot 
be understood using the laws of classical (Newtonian) 
mechanics. 


(b) With the aid of a clearly labelled diagram, explain 
qualitatively in a few sentences how quantum mechanics 
enables the phenomenon of a-decay to be understood. 


potential energy 
of the a-particle 


total energy of 
the.a-particle 


0 


distance r from the 
centre of the nucleus 


Figure 4 Unit 15, Q.6. 


Q.7 (a) Write down the formula for the relativistic energy 
ofa particle that has rest mass m and relativistic momentum p. 


(b) Write down Dirac's prediction for the quantum states 
of a free electron that has relativistic momentum p. 


(c) Give Dirac's explanation of why a free electron does not 
normally make transitions to two of the quantum states that 
you specified in your answer to part (b) of this question. 


Q.8 When a stationary electron annihilates a stationary 
positron, two photons are emitted with equal amounts of 
energy. What is the wavelength of the emitted radiation? 


Q.9* At the beginning of Unit 13, the author quoted the 
following words, which were written by Johann Balmer in 
1885: 


‘It appears to me that hydrogen ... more than any other 
substance is destined to open new paths to the knowledge 
of the structure of matter and its properties.’ 


In the light of all that you’ve learnt in Units 13, 14 and 15, to 
what extent do you agree with the author of Unit 13 that 
‘those were prophetic words’? 


Unit 16 Modern physics in dying stars 


Q.1 (a) What is a Hertzsprung—Russell diagram? 


(b) An astronomer discovers a new star, which he asserts is 
‘on the main sequence’. What experimental measurement(s) 
should be made in order to check this assertion? 


Q.2 A large isolated cloud of low-density gas collapses to 
form a star on the main sequence. Describe briefly the energy 
conversions that occur during this collapse. 


Q.3 Ina certain region of a main-sequence star, the pressure 
P is given by 


2N 
pic 
3 y “Ека? 


where N/V is the number of particles per unit volume in the 
region, and where (£E,;,» is the average value of the particles’ 
kineticenergy. Derivethisequation and statethe assumption(s) 
you make in your derivation. 


Q.4 (a) Explain why the Pauli pressure of the electrons in 
awhitedwarfstarenables the star to exist in stable equilibrium. 


(b)* Explain briefly why there is an upper limit to the 
possible mass of a white dwarf star. 


Q.5 (a) State the law of conservation of angular 
momentum. 


(b) A spherical main-sequence star of uniform density has 
a radius r, and it rotates with angular speed c. It subse- 
quently contracts (with no loss of energy) to form another star 
of uniform density that has a radius r, and an angular speed 
€. Show that, if no net external torque acts on the star, 


ny 
0 = 041|—]. 
r2 


(A uniform sphere of mass m and radius r, has a moment of 
inertia about an axis through its centre of 2mr?.) 


Q.6 State briefly how the speed of recession of a white dwarf 
from Earth and the white dwarf's speed of rotation can, in 
principle, be measured. 


Q.7 (a) Describe briefly how a neutron star can be formed 
after a supernova implosion. 


(b) Inone sentence, state what we now believe pulsars to be. 


Q.8 (a) Describe very briefly a mechanism by which a 
black hole may be formed from two neutron stars. 


(b) What would happen to a spacecraft that strayed into a 
region within the event horizon of a black hole? 


(c) Have any objects in space been positively identified 
as black holes? 


————————M—MM—————M——MÀMO o eee 
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Answers to numerical questions 


Unit 12 

Q2 (ac; (bc 

Q.4 0.6c 

Q.6 (a) 10.875 years; (b) 6.525 years 
Q.7 (а) 4.92 x 10:78 

Q.8 (b) 9.1 x 10?! kg 

Q.9 (b) 53 х I0 ""kgms ^! 

Q.10 1075 kg 

Unit 13 

ОЛ (a) 3.3 х 10 7?J; (b) 33 x 107 !?J 
Q.2 (b) 24 x 101° Hz 


Q.3 (a) 37x10 !?J; (b) 18У 
0.5 23 х 10^ !^m 

Q.6 (b) |L| = h/(2r) 

Q.10 (a) 1.24 x 10-9 т 


Unit 14 
Q.3 (а) 73 x 10^" m 


9.12 (a) |L| = /6h/Qr); (b) L, = —h/n; 
(c) ISI = /3h/(4n) (d) S, = h/(4n) 


Unit 15 
ОЛ (а) 8; (b) 8; (с) 8 
08 24 x 107^ !?m 


